This work presents the calorimetric study of five adsorbents with different chemical and textural characteristics: MOF-199, MCM-41, SBA-15, activated carbon prepared from corn cob (GACKP) and graphite. These solids were used to establish the differences between isosteric heats evaluated by three different methods: Clausius-Clapeyron (C-C), Chakraborty, Saha and Koyama (CSK) and Adsorption Calorimetry (A-Cal). The textural characterization results show solids that have values of specific surface area between 2271 m 2 ·g −1 for the MOF-199 and 5.2 m 2 ·g −1 for the graphite. According to the results obtained for the isosteric heats for each sample, the magnitude varies depending on the coverage of the adsorbate and the textural characteristics of each adsorbent. Solids with an organized structure have isosteric heat values that are coincident among the three methods. Meanwhile, heterogeneous solids such as activated carbon values evaluated by the CKS and C-C have a high dispersion method regarding the adsorption calorimetry method. The results obtained show that the adsorption calorimetry, being a direct experimental measurement method, presents less dispersed data. At low quantities, the isosteric heat of nitrogen adsorption decreased in the order MOF-199, GACKP, MCM-41, SBA-15 and Graphite. The order for the isosteric heats values was coherent with the surface characteristics of each of the solids, especially with the pore size distribution. Finally, throughout the coverage examined in this work, the isosteric heats for nitrogen adsorption determined by adsorption calorimetry (A-Cal) were larger than the evaluated by C-C and CSK indirect methods of vaporization. According to the results, it is shown that the adsorption calorimetry allows values of the isosteric heats of adsorption with an error of less than 2% to be established and also reveals the complex nature of the heterogeneity or homogeneity of the adsorbent.
Introduction
A fundamental aspect of the thermodynamic study of surface processes is the determination of adsorption heat with good precision [1] . This variable is directly related to adsorbate-adsorbent interactions and the behavior of porous materials in applications such as gas storage and separation [2] [3] [4] [5] and in technology for separation and purification of gas mixtures like Pressure swing adsorption (PSA) [5] [6] [7] . It has been established that the determinations of the heat effects associated with the adsorbate-adsorbent interactions are usually more sensitive to the adsorption isotherms [5, 7] and for this reason some authors have proposed that carrying out a combination of heat measurements and adsorption capacity will provide complementary information to understand gas adsorption processes [5] . Experimentally, two methods are used to evaluate the heat of adsorption [5, 8] . The first one is the calorimetric method (usually called direct method), which directly evaluates the heat released when the adsorbate is in contact with the adsorbent and the other method is the isosteric (indirect method) in which a quantitative relationship between pressure and temperature is measured at a constant amount of the adsorbed substance and the adsorbent [5] .
Isosteric measurements are usually used more than calorimetric measurements. Different reasons have been presented by the authors: some proposed that direct determination of heat effects is often complicated and more costly, particularly in non-environmental conditions [5] . While it is assumed that the approaches of direct and indirect methods should give identical results, often ambiguity is generated, mainly due to the definitions of the isotherms and the choice of different thermodynamic models to adjust the corresponding adsorption isotherms [5, [8] [9] [10] [11] . The experimental results of the isosteric heat are very sensitive to the conditions of the adsorption isotherms, particularly if the analysis of the data is available only for a limited number of temperatures [5] . Isosteric analysis often leads to inconsistencies or even erroneous conclusions under conditions that are not ideal [2, 4] because the thermodynamic analysis is based on the numerical adjustment of the adsorption isotherms using semi-empirical models, such as Langmuir single-site or dual-site models [5, 12, 13] , the Toth model [14] [15] [16] or the virial equation [17] [18] [19] [20] . Although semi-empirical parameters can be correlated with a binding affinity between adsorbate and adsorbent [20] , they are significant only in the context of specific isotherms [5] .
As mentioned by Tian et al. [5, 6, [21] [22] [23] [24] [25] [26] , the correct determination of isosteric heat is fundamentally associated with defining the adsorbed phase. It was J. W. Gibbs who introduced this concept for heterogeneous systems in one of his first works in thermodynamics. From the point of view of the definitions of Gibbs to describe the properties of a surface and the interface, the latter can be represented as a two-dimensional dividing surface without any volume [5, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ; isosteric heat is often interpreted as the energy to transfer an adsorbate molecule from the bulk of the fluid phase to the adsorbed phase under some fixed thermodynamic conditions of the system such as temperature, total volume and amount of adsorbent [26] [27] [28] [29] [30] [31] . Some authors have analyzed that the Gibbsian formalism predicts non-physical isosteric heat under maximum thermodynamic conditions of the adsorption isotherm. However, unlike bulk systems, the properties of the adsorbed phase cannot be defined only with the excess surface area for each component [23] [24] [25] [26] 28] . Gibbs thermodynamics predict a non-physical isosteric heat when the adsorption isotherm exhibits a maximum [5, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
In summary, the isosteric heat of adsorption allows characterization of the surface properties of adsorbents, catalysts and other materials [1] , provides information on the homogeneity and heterogeneity of materials, for example allows study of the degree of graphitization of carbons [2] [3] [4] [5] [6] , the formation of liquid films [7] , the formation of molecular multilayers on a surface and the evaluation the adsorption energy distribution (AED) [8, 36, 38] .
The isosteric heats of adsorption for a specific adsorbate can be calculated by applying the Clausius-Clapeyron (C-C) equation on the isothermal data at two different temperatures the formal derivation of the C-C equation can be found in the work of Pan et al. [39] . However, the simplification of the heterogeneity in the adsorbate-adsorbent interaction and the modeling isotherms for analyzing the experimental data, fail to completely explain the ∆H ads across all the range of pressures [23, 24] .
Some authors in recent works [22, [24] [25] [26] have developed very rigorous thermodynamic studies to deduce isosteric heat without inconsistencies and that can be used for practical applications [21, 31, 38] . Among other very interesting methods that have also been applied to assess isosteric heat, the outstanding work of Chakraborty et al. [23] [24] [25] [26] should be mentioned, who developed a theory to determine the isosteric heat of adsorption between an adsorbate (vapor) and an adsorbent (solid) based on the thermodynamics of chemical equilibrium, Maxwell's relations and the entropy of the adsorbed phase. They presented an equation to calculate the isosteric heat of adsorption by making an adjustment to the Clausius-Clapeyron equation. The Chakraborty, Saha and Koyama model (this model will be identified in this work with the acronym "CSK") obtains the expression of ∆H ads from the concepts of chemical equilibrium potentials between the gaseous and adsorbed phases and the state equation, as well as the Maxwell relationships. Using these relationships and the chemical potential gradient of P and T with respect to entropy and specific volumes, respectively. The CSK model derives the expression ∆H ads to calculate the isosteric heat.
On the other hand, the adsorption calorimetric measurements (A-Cal) provide reliable information related to surface chemical composition, and energetic parameters related to adsorbate-adsorbent interactions in the micropore region.
In this work, the isosteric heat of adsorption is evaluated for porous solids that have different textural and chemical characteristics, using three methods reported in the literature. The methods used are: the method developed by Chakraborty et al. (CSK) [24] [25] [26] , the Clausius-Clapeyron method (here it will be identified as: C-C) and finally by the direct method by adsorption calorimetry using the N 2 molecule as adsorbate. In this way, it is proposed to compare the results obtained for isosteric heat using the methods of CSK and C-C (indirect methods) with the method calculated direct by adsorption calorimetry (A-Cal), and provides an experimental tool that allows evaluation of characteristics of the samples as well as establish some advantages of using each of the above mentioned methods.
Materials and Methods

Porous Solids
Synthesis of MOF-199
MOF-199 was prepared by a modification of the synthesis procedure described in the literature followed very closely [40] [41] [42] [43] . In a typical preparation [44] , a solid mixture of Cu (NO 3 ) 2 ·3H 2 O (0.654 g, 2.22 mmol, Merck ® , Kenilworth, NJ, USA) and 1,3,5-benzenetricarboxylic acid (H 3 BTC) (0.326 g, 1.55 1mmol, Merck ® , Kenilworth, NJ, USA) was dissolved in a mixture of DMF (3 mL Merck ® , Kenilworth, NJ, USA), ethanol (4 mL, Merck ® , Kenilworth, NJ, USA) and water (2 mL) in a 20 mL vial. The vial was heated at 85 • C in an isothermal oven for 48 h, yielding light blue crystals. After cooling the vial to room temperature, the solid product was obtained by decanting with mother liquor and washed with DMF (4 × 9 mL). Solvent exchange was then carried out with ethanol (4 × 9 mL) at room temperature. The product was then dried under vacuum (at ≤5 mTorr overnight) at 170 • C for 8 h, yielding 0.345 g of MOF-199 during which time, the deep blue solid became blue-violet [42] .
Synthesis of Mesostructured Silica, MCM-41
MCM-41 was prepared according to Melendez et al. methodology [45] , with some small changes in terms of amounts used in the laboratory. The procedure was as follows: Solution A, a desired amount of CTAB (Cetyl Trimethyl Ammonium Bromide) was mixed with 8.5 mL of 4.5-propanol (Merck ® , Kenilworth, NJ, USA) and 100 mL of deionized water. Solution B, 4.6 g of Na 2 SiO 3 solution (Merck ® , Kenilworth, NJ, USA) was dissolved in 45 mL of deionized water and then both solutions A and B was cooled at 2 • C. Then, the solution B was slowly added dropwise to solution A under constant stirring for 4 h, then 25 mL of ethyl acetate (Merck ® , Kenilworth, NJ, USA) was added, and the solution was stirred for 2.5 h. The mixture was carried to a temperature of 40 • C, under constant stirring. At the end of this time, the reaction temperature was increased to 85 • C for a period of 72 h in static conditions. The precipitate obtained was collected by filtration and washed with deionized water. Finally, the solid was calcined for 12 h at 550 • C.
Synthesis of SBA-15
Another of the materials that was used in this research to compare the results of isosteric heats using the three different methods were the nanoparticles based on silica produced at the University of California, Santa Barbara, CA, USA, so this material has the initials in the name: SBA-15. These particles have a hexagonal organization of their pores. These SBA-15 mesoporous silica nanoparticles were prepared based on reports from the scientific literature making some small changes [46] [47] [48] . In the synthesis carried out in this work, we used Pluronic P123 triblock as mold in acidic conditions. The procedure used was to dissolve 12.75 g of Pluronic P123 in 500 mL of 2.5 M hydrochloric acid (Merck ® , Kenilworth, NJ, USA) under constant stirring conditions (approximately 450 rpm) at a temperature of 40 • C. The silica precursor, TEOS (Tetraethyl orthosilicate), was then added to this micellar solution and the mixture was continuously stirred at the same regime for 48 h at the same temperature of reaction. The reaction was carried out in a reactor manufactured especially for this synthesis and made in Teflon. During this phase of the synthesis, the particles that were generated were modified and their shape changed due to the addition of the silica precursor, resulting in a more orderly material. Then, the temperature rose to 100 • C to carry out what is called the hydrothermal process that was carried out for 72 h. During this hydrothermal treatment, the hydrophilic portions of Pluronic 123 became less soluble in water and, therefore, retracted into the hydrophobic core of the micelle. Finally, the material was recovered by filtration in the presence of toluene and ethanol after continuous stirring and the sample was then dried in an oven at 90 • C for 24 h. Finally, the sample was calcined in an oven at 550 • C for 5 h. The parts of the product must be collected before calcination for characterization.
Preparation of Activated Carbons from Corn Cobs
The corn cob (CC) used for the preparation of activated carbons was collected in a market in Bogotá (Cundinamarca, Colombia). The CC impurities were eliminated by means of a thorough washing with distilled water, initially at room temperature and then with water at 50 • C. In this way, the impurities that this material bring were eliminated. Next, the corn cobs were placed in an oven at a temperature of 105 • C, for a period of 48 h to remove the moisture content. In order to give a homogeneous size to the particles with which it is going to work, the material was subjected to a grind to achieve a size of 0.3 to 0.5 cm. To prepare the activated carbon samples, the cob samples were carbonized under the following conditions: at 450 • C with a heating rate of 5 • C min −1 for 1.5 h under inert atmosphere. The material was previously treated with a solution of H 3 PO 4 (Merck ® , Kenilworth, NJ, USA); the impregnation ratio (H 3 PO 4 /char) was equal to 1, the mixture was placed in an oven at 80 • C for 24 h, to ensure adequate impregnation between the adsorbent and the activating agent. Subsequently, the resulting solid was washed in batches with portions of hot distilled water until reaching a stable pH value close to neutrality. Then, the activation of the material was carried out, impregnation was carried out with KOH solution (Merck ® , Kenilworth, NJ, USA) in a ratio of 6:1 and the material was taken at a temperature of 780 • C for 1 h in a nitrogen atmosphere with a heating rate of 5 • C min −1 . Then, the oven was allowed to cool to room temperature. The activated carbon obtained in this way was washed with double deionized water, several times, and then washed with hydrochloric acid and water (100 mL of HCl, Merck ® , Kenilworth, NJ, USA and 300 mL of double-deionized water) to remove the excess residues of activating agent and inorganic matter from the sample. Finally, a careful final wash was carried out with double deionized water until a constant pH was reached [48, 49] . This sample obtained through this procedure, in this work was labeled as GACKP.
Graphite
In this research, Aldrich™ brand graphite (Darmstadt, Germany) was used. According to company specifications, graphite has a purity of ≥98% in carbon, ≤300 (mesh). Differential thermal analysis (DTA) and thermal gravimetric (TG) were performed on a STA7000 Series Simultaneous Thermal Analyzer (STA) instrument, Hitachi™, (Tokyo, Japan). Approximately 10-20 mg of adsorbent was placed in a platinum crucible on the pan of a microbalance and then heated from room temperature up to 800 • C at a heating rate of 2 • Cmin −1 while being purged with argon at a flow rate of 100 mLmin −1 and constantly weighed.
Infrared Spectroscopy (FTIR) and XRD of Samples used in this Research
Fourier transform infrared spectroscopy (FTIR) absorbance spectra of adsorbents synthesized were obtained through the KBr technique, with the analysis performed on a Nicolet™ iS™50 FT-IR spectrometer (Madison, WI, USA) in the wave number range of 400-4000 cm −1 .
On the other hand, Powder X-ray diffraction (XRD) (PXRD) patterns were recorded on an X-ray diffractometer (MiniFlex II, Rigaku, Japan) at 30 kV and 15 mA using Cu Kα (λ = 1.5418 Å) radiation, with a scanning speed of 4 • min −1 , a step size of 0.01 • in 2 h, and scanning range of 3-40 • .
SEM of Adsorbents
Analyses of the morphology, chemical composition and the elemental maps of the samples were conducted by JEOL JSM-7100FA field emission Scanning Electron Microscope equipped with an energy dispersive X-ray (EDX) system (Freising, Germany).
Differential Enthalpy Measurement by Adsorption Calorimetry
The differential enthalpy of nitrogen adsorption measurements was obtained in a high sensitivity Tian-Calvet heat flow microcalorimeter. This equipment was designed and built in Porous Solids and calorimetry laboratory (Author's Laboratory) [50, 51] . Prior to each experiment, the samples were degassed at 250 • C and 1 × 10 −6 MPa for 24 h. The microcalorimeter uses two calorimetric cells: the first one contains the sample, and the second one acts as a reference, it is usually empty. The experiments were conducted in an isothermal manner by gradually feeding increasing small doses of nitrogen over previously degassed samples. The initial dose sent to the system corresponded to a pressure of 10 mbar. Since the initial dose was sufficiently small, the heat obtained can be considered as a differential adsorption heat. A new dose of nitrogen (10 mbar) was then added until equilibrium pressure was achieved. Subsequently, the nitrogen dose was increased, and the procedure was repeated until no change in pressure was observed. This was achieved at around 35 bar (3.5 MPa). The adsorption pressures in the measurements were monitored with Baratron pressure transducers (Andover, MA, USA) to record low pressures and a Honeywell type Model HP High-Pressure Transducer (MKS Instrument, Andover, MA, USA) to record the changes at high pressures. The calorimeter allows sensing the heat generated by each dose added and the pressure drop in the cell allows obtaining the amount adsorbed. The calorimetric adsorption experiments finished when the released heat at a relatively high pressure and the increase in adsorbed amount were insignificant [52] [53] [54] [55] . The calorimeter was calibrated electrically in order to establish its correct operation as well as to convert the voltage-time signal into units of energy. The constant established for this equipment was 25.4 ± 0.3 WV −1 . The differential enthalpy of adsorption at constant coverage or what is known as the isosteric method can be evaluated by determining the isotherms in the lab at two or more different temperatures. Taking these isotherms as a starting point, it is possible to perform the respective data processing and relate them by means of a graphical representation the pressure logarithm, ln p, for a given amount adsorbed n a as a function of the reciprocal temperature, 1/T. Then, using the Clausius-Clapeyron equation it is possible to establish the isometric heat of adsorption. It is usually assumed that there is no enthalpy or entropy variation with temperature. The thermodynamic expression used is:
where ∆ ads . h n a is the enthalpy of differential adsorption and R is the gas constant. Some authors affirm that it is possible to measure two isotherms with 10 K difference, i.e., for liquid nitrogen (77 K) and liquid argon (87 K); therefore, it is possible to relate the equilibrium pressures P l and P 2 to the corresponding temperatures T 1 and T 2 for a given amount adsorbed:
According to this, it is noteworthy that the accuracy of this type of calculation depends on the measurement of the pressure and eventually problems arise at low pressures. This is mainly due to the accuracy of the adsorbent-adsorbent balance and not to the pressure reading accuracy, because the pressure gauges are usually more than sufficient, especially in the case of the adsorbate load in the range of the micropores in materials that are poorly conductive, as in the case of silica: some authors have shown that a small deviation in equilibrium due to molecular diffusion or thermal transfer can generate a relatively large variation in pressure measurements [56] . This argument can in some cases explain the dispersion in the results obtained using the isosteric method.
Evaluation of the Isosteric Heats of Adsorption by Chakraborty-Saha-Koyama (CSK)
The CSK model [24] [25] [26] proposes the calculation of the isosteric heat of adsorption using a series of thermodynamic arguments that allows obtaining an expression to evaluate this parameter (∆H ads ). The development of this model can be found in Chakraborty et al. [24] . The fundamental expression taken from [24] is shown to contextualize the reader about the equation that was used to deduce the isosteric heat in this work. The CSK model obtains the expression of ∆H ads from the concepts of chemical equilibrium potentials between the gaseous and adsorbed phases and the state equation, as well as the Maxwell relationships, using these relationships and the chemical potential gradient of P and T with respect to entropy and specific volumes, respectively. The CSK model derives the expression ∆H ads to calculate the isosteric heat. Following the development of CSK, the following expression is obtained [24] : Table 1 shows the textural parameters determined by the N 2 adsorption isotherms at −196 • C: apparent surface area, S BET , by the Brunauer-Emmett-Teller (BET) method [32] ; (ii) Dubinin−Radushkevich (DR) micropore volume, V DR , [57, 58] . Therein; (iii) total pore volume, V 0.99 , defined as the volume of liquid nitrogen corresponding to the amount adsorbed at a relative pressure P/P • = 0.99 [39, 57, 58] . The mesopores volume, V me , was calculated as the difference V 0.99 −V DR . The average micropore diameter, L 0 , and adsorption energy, E o , were also calculated [57] [58] [59] , as well as the pore size distributions (PSD) by application of the Density Functional Theory (DFT) [39, [56] [57] [58] [59] . The samples have a wide range of textural properties, such as the apparent surface area ranging from 5.2 m 2 g −1 for graphite to 2271 m 2 g −1 for MOF-199. Most prepared samples are mainly microporous if one takes into account the ratio, V DR /V 0.99 , which varied from 0.83 to 094. The graphite does not have a porosity as expected. Taking into account the scope of this work, the materials have a diversity in the textural properties which will allow analyzing the effect of these characteristics with respect to the evaluation of the isosteric heats using the three methods proposed in this investigation. Figure 1a shows the N 2 adsorption-desorption isotherms at −196 • C for all the samples used in this study. The isotherm for the MCM-41 presents an isotherm type IV, characteristic of materials with a uniform cylindrical mesoporous system. It also presents a hysteresis loop of type H3, which corroborates the previous statement, because this type of hysteresis is characteristic of solid particles solid formed by cylindrical channels, aggregates (consolidated) or agglomerated (not consolidated) of spheroidal particles [60, 61] . Taking into account the scope of this work, the materials have a diversity in the textural properties which will allow analyzing the effect of these characteristics with respect to the evaluation of the isosteric heats using the three methods proposed in this investigation. Figure 1a shows the N2 adsorption-desorption isotherms at −196 °C for all the samples used in this study. The isotherm for the MCM-41 presents an isotherm type IV, characteristic of materials with a uniform cylindrical mesoporous system. It also presents a hysteresis loop of type H3, which corroborates the previous statement, because this type of hysteresis is characteristic of solid particles solid formed by cylindrical channels, aggregates (consolidated) or agglomerated (not consolidated) of spheroidal particles [60, 61] .
Results and Discussion
Porous Texture Analysis
It is interesting to note that the N2 adsorption isotherm of the MCM-41 shows three different steps. The first step (P/P° = 0.0-0.2) corresponds to monolayer-multilayer adsorption on the walls of the pores. The second step (P/P° = 0.2-0.3), resembles typical adsorption of a well-defined capillary condensation within the mesopores [34] . A very sharp step (third step) occurs between 0.3 and 0.4 P/P° is due to the uniform filling pores of the hexagonal lattice. The H3 hysteresis loop was observed between 0.4 and 1.0 P/P°. This loop is associated with the multilayer adsorption on the outer surface of the crystals [44, 61] .
As for the N2 adsorption isotherm corresponding to the SBA-15, it presents an isotherm type IV according to the IUPAC classification, which are typical for mesoporous solids and presents a hysteresis loop type H1, which indicates the existence of mesopores and in this particular case of the two-dimensional hexagonal distributions of the pores, which are very characteristic of mesoporous SBA-15 matrices [62, 63] . The isotherm shows an elongated inflection in the P/P° range of 0.40 to 0.70 characteristic of capillary condensation within uniform pores. It is interesting to note that the N 2 adsorption isotherm of the MCM-41 shows three different steps. The first step (P/P • = 0.0-0.2) corresponds to monolayer-multilayer adsorption on the walls of the pores. The second step (P/P • = 0.2-0.3), resembles typical adsorption of a well-defined capillary condensation within the mesopores [34] . A very sharp step (third step) occurs between 0.3 and 0.4 P/P • is due to the uniform filling pores of the hexagonal lattice. The H3 hysteresis loop was observed between 0.4 and 1.0 P/P • . This loop is associated with the multilayer adsorption on the outer surface of the crystals [44, 61] .
As for the N 2 adsorption isotherm corresponding to the SBA-15, it presents an isotherm type IV according to the IUPAC classification, which are typical for mesoporous solids and presents a hysteresis loop type H1, which indicates the existence of mesopores and in this particular case of the two-dimensional hexagonal distributions of the pores, which are very characteristic of mesoporous SBA-15 matrices [62, 63] . The isotherm shows an elongated inflection in the P/P • range of 0.40 to 0.70 characteristic of capillary condensation within uniform pores.
The N 2 adsorption isotherm corresponding to MOF-199 is type I (a) according to the recent recommendations of the IUPAC [63] ; this is a typical reversible isotherm with a high adsorption capacity at low relative pressures. Based on the N 2 isotherm, the Brunauer-Emmett-Teller surface area (BET) of the MOF-199 prepared for this investigation was 2271 m 2 ·g −1 , the highest area within the five samples to be studied in this work. This value is comparable for highly porous Metal-Organic Frameworks (MOF´s) reported in the scientific literature [64] [65] [66] [67] . Meanwhile, the V 0.99 is 0.66 cm 3 ·g −1 , while the V DR is slightly lower: 0.62 cm 3 ·g −1 , but very coherent between them.
Similar behavior was found for the isotherm of the activated carbon obtained from the corn cob, GACKP, whose isotherm is also type I with a completely reversible behavior and without the presence of a hysteresis loop. It presents high and rapid adsorption of N 2 at low pressures and then reaches a plateau after a P/P • of 0.1.
The isotherm for graphite is type V according to the IUPAC report [62] . In the low P/P o range of nitrogen, this isotherm is very similar to type III and this can be attributed to relatively weak adsorbent-adsorbent interactions. At higher P/P • , the pore filling follows the molecular grouping. This behavior is classic for samples that do not have porosity. As reported in Table 1 , it does not have pores.
The values of the characteristic energies of prepared solids are between 3.58 and 9.32 kJ·mol −1 , it can be deduced according to the order of magnitude that prepared solids have a great potential for the adsorption of nitrogen molecules on their surfaces. Figure 1b shows the PSD's calculated by Density Functional Theory (DFT) for samples prepared for this study. It can be seen that the samples MCM-41 and SBA-15 have radii of 18 and 35 Å respectively. The other samples have PSDs towards lower radius values.
Porosity size distribution was performed using the Non-Local Density Functional Theory (NLDFT) and Quenched Solid Density Functional Theory (QSDFT) models, applying slit, cylinder and combined pore geometry. The results obtained with the AsiQWin software of IQ2 Autosorb (Quantachrome Inc. Boynton Beach, FL, USA) are shown in Figure 2a -e. The samples, in general, were more adjusted to the NLDFT model. The DFT models that adjusted better for each one of the studied samples taking into account the geometry pore were: for GACKP, QSDFT cylinder-slit geometry, while NLDFT describe better the experimental data of graphite, with slit pore geometry, SBA-15, and MCM-41, with cylinder pore geometry, and MOF-199, with a combined geometry (cylinder-slit). The sample that has a better fit to the QSDFT model is characterized by having rough and energetically heterogeneous surfaces, characteristic of activated carbons obtained from lignocellulosic waste, while NLDFT describes a geometric and energetic homogeneous surface, just as expected from the mesostructured silicas and the graphene layers of the graphite. Table 2 shows the % error fitting, a software calculated parameter (AsiQWin) that relates the adjustment between the experimental and modeled data according to pore geometry and the NLDFT and QSDFT models. DFT Pore Size Distributions (PSD) between 5 to 100 Å (Figure 1b Table 2 shows the % error fitting, a software calculated parameter (AsiQWin) that relates the adjustment between the experimental and modeled data according to pore geometry and the NLDFT and QSDFT models. DFT Pore Size Distributions (PSD) between 5 to 100 Å (Figure 1b) reflect the different nature in the porosity of the samples. The results are in good agreement with the textural analyses done so far in this investigation. 
Thermogravimetric (TG) Analysis of Samples
The thermogravimetric analysis (TGA) for each of the samples was carried out in order to analyze its thermal stability. The TG and DTG of the solids under study are shown in Figure 3a ,b. The TG/DTG of the MOF-199 presents two thermal events: the first observed weight loss (~9.5%) is below 200 • C and is attributed to the removal of remaining solvent and desorption of water molecules. The second weight of about~38% occurred at~300-380 • C, which is related to the decomposition of the organic linker group, benzentricarboxylic acid. After this temperature, the observable thermal events do not reveal significant changes, which indicates the formation of CuO, which takes place above 350 • C [68] .
The TGA of the MCM-41 is also presented in Figure 3 . The weight loss of 9.1% due to physisorbed water molecules, after that, the dehydroxylation of the Si-OH groups occurs continuously well above 100 • C and respective mass losses are not evidenced. On the basis of anhydrous silica, the concentration of Si-OH groups bound to hydrogen is approximately 2.1/nm 2 [69] . 
The thermogravimetric analysis (TGA) for each of the samples was carried out in order to analyze its thermal stability. The TG and DTG of the solids under study are shown in Figure 3a ,b. The TG/DTG of the MOF-199 presents two thermal events: the first observed weight loss (~9.5%) is below 200 °C and is attributed to the removal of remaining solvent and desorption of water molecules. The second weight of about ~38% occurred at ~300-380 °C, which is related to the decomposition of the organic linker group, benzentricarboxylic acid. After this temperature, the observable thermal events do not reveal significant changes, which indicates the formation of CuO, which takes place above 350 °C [68] .
The TGA of the MCM-41 is also presented in Figure 3 . The weight loss of 9.1% due to physisorbed water molecules, after that, the dehydroxylation of the Si-OH groups occurs continuously well above 100 °C and respective mass losses are not evidenced. On the basis of anhydrous silica, the concentration of Si-OH groups bound to hydrogen is approximately 2.1/nm 2 [69] . The TGA of the SBA-15 ( Figure 3) shows a weight loss below 95 °C of approximately 7%, due to the physical removal of water molecules adsorbed, while the soft weight loss presented in the range of 100-700 °C, might be associated with the decomposition of the surfactant into the pores and the condensation of silanol groups on the surface to form siloxane at higher temperatures [70] .
The TGA of the GACKP is shown in Figure 3 . There, a loss of mass of 4.5% below 100 °C can be observed, which indicates the humidity of the GACKP sample. Between 180 and 800 °C, a continuous mass loss (12%) is observed related to the decomposition of the solid in CO2 and CO because the carbonaceous surfaces are normally oxidized, which is why the mass loss can be associated to the The TGA of the SBA-15 ( Figure 3) shows a weight loss below 95 • C of approximately 7%, due to the physical removal of water molecules adsorbed, while the soft weight loss presented in the range of 100-700 • C, might be associated with the decomposition of the surfactant into the pores and the condensation of silanol groups on the surface to form siloxane at higher temperatures [70] .
The TGA of the GACKP is shown in Figure 3 . There, a loss of mass of 4.5% below 100 • C can be observed, which indicates the humidity of the GACKP sample. Between 180 and 800 • C, a continuous mass loss (12%) is observed related to the decomposition of the solid in CO 2 and CO because the carbonaceous surfaces are normally oxidized, which is why the mass loss can be associated to the decomposition of the surface carbon-oxygen compounds. It is worth noting that the TG/DTG profiles corresponding to this sample are very clear and simple compared to other solids obtained from lignocellulosic residues, which indicates that the combined activation with phosphoric acid and KOH allows the formation of thermally stable carbonaceous structures. The TG/DTG corresponding to the graphite can be seen in Figure 3a ,b, showing that the solid begins to lose weight at approximately 570 • C, suggesting the decomposition of the surface carboxyl compounds in graphite structure at this temperature.
XRD and FTIR Analysis of Samples
The purity of the crystalline phase of MOF-199 was confirmed by XRD powder analysis. The diffraction peaks of MOF-199 were consistent with the theoretical patterns of the single crystal data and those previously reported in the literature. In addition, the XRD reflections of the CuO derived from the MOF exhibit pure phase nature without any phase of impurities such as Cu, Cu 2 O and Cu(OH) 2 [16, [71] [72] [73] (Figure 4a) .
decomposition of the surface carbon-oxygen compounds. It is worth noting that the TG/DTG profiles corresponding to this sample are very clear and simple compared to other solids obtained from lignocellulosic residues, which indicates that the combined activation with phosphoric acid and KOH allows the formation of thermally stable carbonaceous structures. The TG/DTG corresponding to the graphite can be seen in Figure 3a,b, showing that the solid begins to lose weight at approximately 570 °C, suggesting the decomposition of the surface carboxyl compounds in graphite structure at this temperature.
The purity of the crystalline phase of MOF-199 was confirmed by XRD powder analysis. The diffraction peaks of MOF-199 were consistent with the theoretical patterns of the single crystal data and those previously reported in the literature. In addition, the XRD reflections of the CuO derived from the MOF exhibit pure phase nature without any phase of impurities such as Cu, Cu2O and Cu(OH)2 [16, [71] [72] [73] (Figure 4a) .
The observed reflections are adjusted according to a monoclinic structure with the space group C2/c. The values of the reticular structure parameters were calculated from Rietveld refinement and were found to be a = 4682 (7) The peaks of absorption at approximately 1650, 1565 and 1380 cm −1 were assigned to the vibrations characteristic of groups C=O, the peaks at approximately 1445 cm −1 were attributed to the stretching of C=C in the benzene ring [74] and the peaks at approximately 670 cm −1 are related to the stretching vibrations of Cu-O [75] . In addition, the wide peak around 3435 cm -1 in the FTIR spectrum of MOF-199 could be assigned to the vibration of -OH groups and coordinated or uncoordinated water molecules [76] .
The XRD diffractograms (X-ray diffraction) for the sample of MCM-41, are shown in Figure 4b . Regarding the XRD of the MCM-41, the peaks attributed to this structure were also detected for the support synthesized at 2.1° and 3.5°, which correspond to the diffraction planes (1 0 0) and (2 0 0) of this material [62] . When examining the XRD at greater angles (Figure 4b ), the presence of amorphous SiO2 (broad diffraction peak around 26.3°) is clearly observed.
The FTIR corresponding to the MCM-41 sample prepared for this study is shown in Figure 5a . The spectrum shows characteristic bands at 1110 and 825 cm −1 that can be assigned to the asymmetric and symmetric stretching vibration modes of the Si-O-Si species, respectively [77, 78] . A band towards 980 cm −1 can be attributed to the tension of the Si-OH bonds present in the sample MCM-41.
The XRD patterns for SBA-15 are shown in Figure 4b . The sample of the SBA-15 shows a large wide peak between 2θ = 12 and 32 Å which shows that it is amorphous nature. The two reflections of The observed reflections are adjusted according to a monoclinic structure with the space group C2/c. The values of the reticular structure parameters were calculated from Rietveld refinement and were found to be a = 4682 (7), b = 3427 (6), c = 5132 (2) and β = 99,322, which are consistent with the values in the literature (JCPDS Card no.48-1548). The average value of the crystallite size is also found at 21 nm according to the Scherrer equation [73] .
The peaks of absorption at approximately 1650, 1565 and 1380 cm −1 were assigned to the vibrations characteristic of groups C=O, the peaks at approximately 1445 cm −1 were attributed to the stretching of C=C in the benzene ring [74] and the peaks at approximately 670 cm −1 are related to the stretching vibrations of Cu-O [75] . In addition, the wide peak around 3435 cm -1 in the FTIR spectrum of MOF-199 could be assigned to the vibration of -OH groups and coordinated or uncoordinated water molecules [76] .
The XRD diffractograms (X-ray diffraction) for the sample of MCM-41, are shown in Figure 4b . Regarding the XRD of the MCM-41, the peaks attributed to this structure were also detected for the support synthesized at 2.1 • and 3.5 • , which correspond to the diffraction planes (1 0 0) and (2 0 0) of this material [62] . When examining the XRD at greater angles (Figure 4b ), the presence of amorphous SiO2 (broad diffraction peak around 26.3 • ) is clearly observed.
The XRD patterns for SBA-15 are shown in Figure 4b . The sample of the SBA-15 shows a large wide peak between 2θ = 12 and 32 Å which shows that it is amorphous nature. The two reflections of Brag corresponding to peaks (1 1 0) and (2 0 0) at the mid-range of the 2-theta angle suggest that these materials have highly ordered hexagonal mesostructures in 2-D [79] .
The FTIR spectrum of the SBA-15 are presented in Figure 5a . In the spectrum, two strong absorption peaks are observed at 1100 and 820 cm −1 assigned to the asymmetric and symmetric vibration modes of the inorganic framework Si-O-Si [80] . The characteristic band of the Si-OH stretch mode is around 970 cm −1 . These bands corroborate the chemical nature of the SBA-15 and its satisfactory synthesis. Additionally, the FTIR spectrum of SBA-15 showed a wide and intense peak at 3550-3350 cm −1 , which was assigned to the silanol group (Si-OH) or "networks" of silanol with crossed hydrogen bonds [76] .
The XRD patterns for GACKP present (Figure 4b ) two broad peaks around 12 • and 25 • corresponding to (0 0 2) and (1 0 0) planes, respectively [66] . This type of behavior is in good agreement with other reported results for this type of solids and the amorphous nature of the sample. Figure 5b shows the FTIR spectrum of GACKP scanning from 400 to 4000 cm −1 . The observed O-H stretching around 3445 cm −1 was attributed mainly to chemisorbed water molecules and hydroxyl groups on the surface of the material. On the other hand, the stretch corresponding to C-H was observed around 2950 cm −1 . The bands located around 1650 cm −1 are assigned to the characteristic olefin group (-C = C-), which suggests that some graphitization is presented for the GACKP sample [81] .
With respect to the XRD patterns of the graphite in Figure 4a , it is observed that the material is highly structured and organized. This can be verified by seeing the good definition of the peaks and the high resolution of the peak (0 0 2), at an angle of 2θ corresponding to 26.3 • (KαCu). This value corresponds to an interatomic distance (d002) of 3.36 Å. Figure 5b shows the FTIR corresponding to the graphite sample used in this study. The spectrum is characteristic of a sample of this type widely reported and analyzed in the scientific literature. The approximate band at 3410 cm −1 is attributed to the -OH stretch vibration of hydroxyl groups and water molecules [79] . The bands centered at 1750-1710 cm −1 correspond to the stretching vibrations C=O of the carbonyl and carboxylic groups [36, 59] . The bands located at 1620-1630 cm −1 resulted from the C=C stretching mode of the graphitic domains without oxidation [8] . In addition, the peaks attributed to the deformation vibration of the tertiary C-OH groups appeared at 1400 cm −1 [38, 82] . The peaks located at approximately 1225 and 1080 cm −1 correspond to the stretching vibrations of C-O-C and C-O, respectively [82] [83] [84] [85] .
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SEM-EDX Analysis
Figure 6(a1) shows the scanning electron microscopy (SEM) for the MOF-199 where there are some characteristics of small particles such as solids. In Figure 6 (a2), as expected, the SEM micrograph for MOF-199 showed that a highly crystalline material was obtained (Figure 6a) . The MOF-199 crystals in the SEM images have a double-sided pyramidal shape with a width of approximately 10-20 μm. 
Figure 6(a1) shows the scanning electron microscopy (SEM) for the MOF-199 where there are some characteristics of small particles such as solids. In Figure 6 (a2), as expected, the SEM micrograph for MOF-199 showed that a highly crystalline material was obtained (Figure 6a ). The MOF-199 crystals in the SEM images have a double-sided pyramidal shape with a width of approximately 10-20 µm.
The SEM of sample MCM-41 is presented in Figure 6b . The morphology is similar to the material described in the literature as "wormy" MCM-41 [12] . The SEM images show slightly elongated particles with an average width of 3.5 µm and length of 7.3 µm. It is possible to present some agglomeration forming a massive morphology with the worm texture previously mentioned [46, 85] . Figure 6(b1) shows at the macroscopic level some zones that allow the characteristic structure of the MCM-41 to be seen; Figure 6 (b2) shows that if the image is taken closer the structure of this solid is better shown.
The Figure 6c shows the SEM taken at the synthesized SBA-15, it has several string-like domains with uniform sizes of 1 µm, which are aggregated as wheat-like macrostructures [46, 47] . In Figure 6 (c1) some chains are superimposed on each other. In Figure 6 (c2) these chains are clearly seen, which as mentioned, they are characteristic of SBA-15.
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The Figure 6c shows the SEM taken at the synthesized SBA-15, it has several string-like domains with uniform sizes of 1 μm, which are aggregated as wheat-like macrostructures [46, 47] . In Figure  6 (c1) some chains are superimposed on each other. In Figure 6 (c2) these chains are clearly seen, which Figure 6d shows the SEM corresponding to the GACKP sample. The sample presents a welldeveloped porous structure with pores of different sizes, which allows verifying that it has heterogeneous textural properties as analyzed in the previous section. In Figure 6 (d1) the characteristic porosity of an activated carbon prepared under the conditions of this investigation was clearly observed. In Figure 6 (d2) (magnified), clearly developed pores were seen.
Finally, Figure 6e shows the SEM obtained for the graphite sample. It can be clearly seen that the SEM images have a certain layered structure in the form of sheets that are tightly integrated between layers and layers. In Figure 6 (e1) there is a microphotograph for graphite where the layers overlap each other, similar to "book sheets." The micrograph of Figure 6 (e2) shows an approximation of the previous image and presents some layers in detail.
In summary, we have characterized the five samples that were used in this investigation to perform comparative studies based on isosteric heats. As shown, the samples differ widely in their textural characteristics (area, pore volume, pore distribution, etc.) and in their chemical nature.
Isosteric Heat: Comparison of CSK, C-C and Adsorption Calorimetry (A-Cal) Methods
Figure 7a-e shows the corresponding results for the calculation of isosteric heats for each of the samples prepared in this work. Each graph presents the isosteric heat calculated by each method used in this investigation (CSK, C-C and A-Cal). Figure 6d shows the SEM corresponding to the GACKP sample. The sample presents a well-developed porous structure with pores of different sizes, which allows verifying that it has heterogeneous textural properties as analyzed in the previous section. In Figure 6 (d1) the characteristic porosity of an activated carbon prepared under the conditions of this investigation was clearly observed. In Figure 6 (d2) (magnified), clearly developed pores were seen.
Figure 7a-e shows the corresponding results for the calculation of isosteric heats for each of the samples prepared in this work. Each graph presents the isosteric heat calculated by each method used in this investigation (CSK, C-C and A-Cal). Figure 7a shows the isosteric heats of MOF-199. The figure presents curves with very similar behavior: initially, they decay from approximately a value of −48 kJ·mol −1 to a value of −27 kJ·mol −1 where later they reach a plateau. This zone is very characteristic for solids of this type and is typical of thermal behavior of the isostere on a heterogeneous surface [22, 31, 33] . In this area the values evaluated by the three methods are very similar, however, with the low standard deviation of the adsorption calorimetry (A-Cal), it is observed that the indirect methods always underestimated the heat. In the area where the plateau is reached, which ranges from 1 to 3.5 mmol·g −1 , corresponds to isosteric heats that occur on homogeneous surfaces [22, 31] . Subsequently, there is an increase in the enthalpic value of isosteric heat of −32 to −48 kJ·mol −1 , which is probably due to interactions of the N 2 molecule within the porous structure of MOF-199. In this zone, the values calculated by C-C and CSK are below with respect to the direct measurement method using the adsorption calorimetry methodology. As mentioned above, the low standard deviation of the adsorption calorimetry allows differentiation of the heat released in the adsorption with respect the calculated ones. The adjustment of each of the methods used to calculate the isosteric heats is dependent on the porosity of the MOF. The isosteric heat of the experiment decreases with the coverage to the condensation step. Figure 7a shows the isosteric heats of MOF-199. The figure presents curves with very similar behavior: initially, they decay from approximately a value of −48 kJ·mol −1 to a value of −27 kJ·mol −1 where later they reach a plateau. This zone is very characteristic for solids of this type and is typical of thermal behavior of the isostere on a heterogeneous surface [22, 31, 33] . In this area the values evaluated by the three methods are very similar, however, with the low standard deviation of the adsorption calorimetry (A-Cal), it is observed that the indirect methods always underestimated the heat. In the area where the plateau is reached, which ranges from 1 to 3.5 mmol·g −1 , corresponds to isosteric heats that occur on homogeneous surfaces [22, 31] . Subsequently, there is an increase in the enthalpic value of isosteric heat of −32 to −48 kJ·mol −1 , which is probably due to interactions of the N2 molecule within the porous structure of MOF-199. In this zone, the values calculated by C-C and CSK are below with respect to the direct measurement method using the adsorption calorimetry methodology. As mentioned above, the low standard deviation of the adsorption calorimetry allows differentiation of the heat released in the adsorption with respect the calculated ones. The adjustment of each of the methods used to calculate the isosteric heats is dependent on the porosity of the MOF. The isosteric heat of the experiment decreases with the coverage to the condensation step.
The results of the isosteric heats obtained for the MCM-41 are presented in Figure 7b . In the diagrams it can be clearly seen that during the initial region where the first layer of the adsorbate is formed, the isosteric heat changes according to the method used to evaluate it, A-Cal and the CSK and C-C, and they are not coincident, because the confidence intervals for each method are significantly different (deviation bars in the figure). It is likely that the differences between the two calculation methods and the experimental one (adsorption calorimetry) can be attributed to the mechanism of N2 adsorption on a mesostructured porous network like the MCM-41 surface. The C-C and CSK methods by their nature of the determination do not contemplate the heterogeneity of the surface. Adsorption calorimetry, because it is a direct measurement method, can be recorded because it directly measures the thermal effect generated as the coating is made with the N2 molecules at that temperature. This zone is between 0.5-2.5 mmolg −1 where isosteric heat decrease to values close to −12 kJmol −1 . Despite this, we observed that the heats are comparable between those evaluated by the CSK and C-C methods and the A-Cal method in the multilayer zone and the condensation step. The results of the isosteric heats obtained for the MCM-41 are presented in Figure 7b . In the diagrams it can be clearly seen that during the initial region where the first layer of the adsorbate is formed, the isosteric heat changes according to the method used to evaluate it, A-Cal and the CSK and C-C, and they are not coincident, because the confidence intervals for each method are significantly different (deviation bars in the figure). It is likely that the differences between the two calculation methods and the experimental one (adsorption calorimetry) can be attributed to the mechanism of N 2 adsorption on a mesostructured porous network like the MCM-41 surface. The C-C and CSK methods by their nature of the determination do not contemplate the heterogeneity of the surface. Adsorption calorimetry, because it is a direct measurement method, can be recorded because it directly measures the thermal effect generated as the coating is made with the N 2 molecules at that temperature. This zone is between 0.5-2.5 mmolg −1 where isosteric heat decrease to values close to −12 kJmol −1 . Despite this, we observed that the heats are comparable between those evaluated by the CSK and C-C methods and the A-Cal method in the multilayer zone and the condensation step. Subsequently, the isosteric heats present a slight increase that may be associated with interactions between molecules of N 2 into the pore system.
The isosteric heats corresponding to the SBA-15 sample are presented in Figure 7c . This Figure presents three well-differentiated areas, like this: the first one starts at a value of −25 kJ·mol −1 and falls to −2 kJ·mol −1 , this zone corresponds to the adsorption of N 2 molecules on the homogeneous surface of SBA-15. When comparing the results obtained by the CSK and C-C methods it is possible to observe some inconsistencies between the calculated heats. The different mechanism that involves the N 2 adsorption in silica micropores and mesopores clearly affects the modeling of the experimental data with the indirect methods, but there is a better description of the adsorption process from the values obtained directly by the adsorption calorimetry method. This demonstrates the sensitivity of the calorimetric method to directly measure such effects. The next zone corresponds to a false plane followed by a wavy section that is assigned to the interaction with a surface of homogeneous characteristics; this value is between 4.5 and 6.6 mmolg −1 of N 2 coverage. In this area, the experimental points tend to coincide better. However, it is clear that the adjustments of the results are subject to the textural distribution of each solid.
The results obtained for the GACKP samples are presented in Figure 7d . The figure presents three perfectly differentiated zones: the first starts from −32 kJ·mol −1 and falls to −13 kJ·mol −1 corresponding to the heterogeneous zone of the GACKP sample. Subsequently, a plateau is reached at a N 2 coverage between 2.5 to 4.5 mmol·g −1 , which is the energy-homogeneous zone. In the last zone, there is an increase in the values of isosteric heats that correspond to the interactions among the molecules and then falls again. In this sample, it is clearly observed that the values for the isosteric heats using the CSK, C-C and A-Cal methods do not coincide in any part of the zone. Figure 7e shows the isosteric heats obtained for the graphite. The results obtained with the different methods of evaluation of isosteric have good agreement among them, in spite of the differences in each method used to perform the calculation and instrumentation, as it is the case of the adsorption calorimetry. At low adsorbate coverage (<0.4 mmol·g −1 ), an increase in isosteric heat is observed with the amount adsorbed. This behavior has been assigned by several authors to the formation of a monolayer and is related to a maximum value isosteric heat [22, 31] . In the specialized literature, the presence of this peak on this material has been widely analyzed [22, 31, 33, 40] . Some authors argue that the peak is related to the presence of a two-dimensional phase of a transitory phase on the surface of graphite [30, 32, 40] . The transient phase is characterized by the spatial rearrangement of the N 2 molecules on the surface of the graphite from a disordered state (fluid) to a "localized" or "solid state" (crystalline state). Some authors have also proposed that the presence of the peak can be an indicator of the degree of graphitization [15] ; at a lower degree of graphitization, the peak is lower. It should be noted that the results obtained by adsorption calorimetry are better adjusted and describe the presence of the peak, with the C-C method being the method that presents the results with greater dispersion. After the peak, the values of isosteric heats decline to show some wave behavior. It is necessary to emphasize that the isosteric heats of adsorption are a critical variable to estimate the performance of a process during the adsorption and separation of gas in engineering. Additionally, sorption processes of gases and vapors on the porous solids, e.g., like zeolites or activated carbons have still a considerable potential for a growing number of processes in separation technology, purification of technical gases and air processes, and also for air conditioning systems [1] [2] [3] [4] [5] [86] [87] [88] [89] . This is reflected not only in an increasing number of scientific and technical papers, patents, and engineering reports but also in a still growing world market for plants for air separation, hydrogen and natural gases and many more [9, [88] [89] [90] [91] [92] .
Additionally, it is necessary to accurately determine the isosteric heats of adsorption of the respective adsorbate on the adsorbent and the pressure with which these heats of isomeric adsorption are determined, so, an adequate characterization of the adsorbents can be achieved, and their possible applications can be established for science and engineering. This is reflected not only in a growing number of scientific and technical documents, patents and engineering reports but also in a constantly growing world market for plants for the separation of air, hydrogen and natural gases, the preparation of materials for medical uses and many more [6] [7] [8] [88] [89] [90] . Therefore, in this study, the determination of these heats allows characterization of the adsorbent material from the energetic point of view [9] [10] [11] 88, 89] . These results are contributing within the area in order to help scientists to have an additional criterion; also using other adsorbate-adsorbent systems can provide basic data for the development of new theories of equilibrium and adsorption kinetics; and finally, they can design adsorption and desorption processes in engineering such as PSA, VSA, TSA and combinations thereof [1, 12] . In the scientific literature, several authors have undertaken analyses where they mention that the results of measurements by different methods and calculations of isothermal heats can present errors of 10% or more, sometimes reaching more than 100%. According to our results, the isosteric heats of adsorption for the used adsorbates varied according to the performed method. Figure 7 showed that the values changed according to the solid employed, especially in terms of textural characteristics, and further if the surface is energetically homogeneous or heterogeneous, besides of the quantity of adsorbed gas. This is a very important consideration for a process where there is a gas-solid interaction. Ignoring these features in the design process can lead to serious errors, such as reported by other authors. With the results obtained, it is shown that the adsorption calorimetry allows the establishment of values of the isosteric heats of adsorption with an error of less than 2% (the statistical study is not shown here) and also reveals the complex nature of the heterogeneity or homogeneity of the adsorbent. With the methods of C-C and CKS, results depend on the solid that is used and thus errors increase. For example, for SBA-15 and activated carbon (GACKP) whose pores are less uniform than those of other adsorbents, the experimental values for these two methods had greater dispersion. This is a plus of this investigation because it demonstrates that adsorption calorimetry is useful to determine accurate values of the isosteric heats of adsorption and additionally for establishing the type of surface that has the corresponding adsorbate.
Although, it is true that the results using the CSK equation, derived from the classic Clausius-Clapeyron (C-C) equation to evaluate isosteric heats of adsorption and from thermodynamic bases in several published works, had shown that it can predict these heats with more accuracy than the classical C-C equation because this equation incorporates the additional gradients of P and T with respect to m a . Our results show that, in general, the equations of C-C and CSK generate results in good agreement; however, the results obtained by means of C-C are more dispersed for the adsorbents with more heterogeneous porosity distribution, which does not occur with the results using the equation proposed by CSK. However, using the CSK equation, according to the results presented in Figure 7 , at low quantities of N 2 a slight dispersion of the results is obtained. In a particular way this is shown in the samples SBA-15 and GACKP. This also occurred using the C-C equation, although with greater dispersion. This can be associated with the approximations of the Clausius-Clapeyron equation and that CSK equation tries to improve C-C. It is worth remembering that Chakraborty et al. developed the model to calculate isosteric heats for low and high adsorption pressures. The significant characteristic of the Chakraborty model is the addition of the pressure gradient term for the gas phase to the Clausius-Clayperon equation [50] [51] [52] 93, 94] . However, as other authors proposed [23] [24] [25] [26] 53, 54, 93, 94] , in the model, the ideal gas assumption was adopted, while the volume of the adsorbed phase was neglected. Rahman et al. [53, 54] proposed an isosteric heat model in which the adsorbed phase volume took into account the pressure gradient term of the Clausius-Clayperon equation. However, the perfect gas assumption was still involved, and the volume of the adsorbed phase was neglected, what was similar to Chakraborty et al. Attempts have been made to address the non-ideality of the adsorbed phase, as well as the volume of the adsorbed phase [23] [24] [25] [26] [56] [57] [58] [59] 94] . However, the latent heat was still adopted in its formulation, while the actual gas correction was achieved by using the pressure-volume ratio for the adsorbed phase and the liquid phase. Lately, the heat of adsorption was expressed in terms of fugacity of gases by Tian et al., and validated with differential heat of adsorption data from large Monte Carlo simulations (GCMC) [59, 93, 94] . Therefore, it is evident that the ability of thermodynamic model to accurately predict isosteric heat for the adsorption process ranging from partial vacuum to supercritical temperature is, until now, quite limited. Throughout the coverage examined in this work, the isosteric heats evaluated by adsorption calorimetry are larger than the evaluated by C-C and CSK indirect methods of vaporization, for nitrogen. This means that the molecules within the micropores are always affected by the potential field and they do not show any saturation unlike what happens when the adsorption occurs on the external surface of the material. This may be related to the experimental method of adsorption calorimetry and its sensitivity: when the molecules of nitrogen enter to a pore, these are subject to the potential of the respective pore and the pressure transducers of the calorimeter are able to record this solute-adsorbent interaction, an interaction that is not registered by the C-C and CSK methods due to the sensitivity that is required to measure this phenomenon, so that the isothermal heat values reported by these methods sub-estimate the real values. It is necessary to clarify that these results vary with the characteristics of the solids and as it has been shown in this work, by the method of measurement. This is another aspect of the novelty of this research.
Conclusions
A set of porous solids with different textural properties were characterized by N 2 isotherms and XRD. Among the main findings are the disorganized structure and surface heterogeneity established by the activated carbon sample, while, graphite and mesostructured silicas seem to have a homogeneous surface related to the morphology of the pores that compose them, the slits and cylinders, respectively. For MOF-199, a combined geometry described better de N 2 adsorption experimental data.
From the chemical characterization with FTIR and TG-DTG, it is possible to study the chemical nature of the samples, evidencing the different oxygen-complex surfaces and amphoteric character of the carbonaceous and siliceous surfaces. Additionally, the great hydration capacity of the MOF-199. The TG-DTG analysis was also useful to establish the appropriate degasification temperature for the calorimetry and the adsorption isotherms
The comparison of the isosteric heats obtained from every method shows a relationship of the nitrogen adsorption heats with the specific properties of each solid. It was established from the graphics obtained, that the heats that are released respond to a different interactions due to the porosity and chemical nature of the solid. It is evidenced by the different shapes and zones found, which are a function of their structure and surface homogeneity or heterogeneity as follows: The sequences of measured magnitude for the isosteric heats oscillate between~−48 kJmol −1 (MOF-199) and −14 kJmol −1 (graphite), which correspond to physical interactions between the nitrogen molecules and the considered adsorbents.
The use of the CSK and C-C methods present acceptable coherence, particularly for the MOF-199 and MCM-41 samples. However, for the samples which possess a more heterogeneous structure (such as SBA-15, GACKP), the methods mentioned above present great dispersion in their individual results, as well as when they are compared one to the other.
In this work, the isosteric heats of nitrogen adsorption on microporous materials measured directly using adsorption calorimetry was compared with those obtained using the indirect adsorption isosteric method, according to Clausius-Clapeyron equation and the equation modified by CSK so as to establish the reliability, limitations and assumptions of the methods. In general, for all porous solids employed, we found a very good agreement between the isosteric heats measured using the adsorption calorimetry and the adsorption isosteric method throughout the range of coverage studied. Therefore, we can conclude that the use of the simpler technique, i.e., adsorption isosteric method together with simple assumptions leads to reliable results for isosteric heats. At low quantities, the isosteric heat of nitrogen adsorption decreases in the order MOF-199, GACKP, MCM-41, SBA-15 and Graphite. The order of isosteric heats is coherent with the surface characteristics of each of the solids, especially with the pore size distribution. Finally, throughout the coverage of nitrogen examined in this work, the isosteric heats evaluated by adsorption calorimetry are larger than the evaluated by C-Cand CSK indirect methods of vaporization. Funding: This research received no external funding.
